INTRODUCTION
Scenarios involving accidental and intentional exposure of human populations to ionizing radiation have been described (1, 2) . Among these has emerged the increasing threat of terrorist attacks involving radiological or nuclear devices with potential for causing mass casualties for which available countermeasures and strategies for dosimetry are of limited use (2, 3) . To address this deficiency, the U.S. Homeland Security Council and the Office of Science and Technology Policy created the Weapons of Mass Destruction Medical Countermeasures Subcommittee to oversee the research and development of improved countermeasures (3) . The Subcommittee lists the development of biomarkers and devices for biodosimetry among its highest priority areas of research (3) .
Metabolomics is an area of research properly suited for the development and application of rapid, highthroughput, minimally invasive radiation biodosimetry (4) . Metabolomics is the global, quantitative characterization of the metabolic phenotype, i.e. small molecule complement, of biofluids, cells, tissues, organs and organisms under specific sets of conditions such as genotypic differences or environmental exposures (5) . The importance of metabolomics as a priority research area is reflected in the National Institutes of Health Roadmap for Medical Research wherein it is named as a new pathway of discovery initiative (6) . This powerful platform has been used in drug development, screening and metabolism (7) and to identify novel biomarkers of exposure (8) , effect (9) and disease (10) .
We set out to develop a method for rapid, noninvasive radiation biodosimetry using metabolomics on an ultra-performance liquid chromatography-time-offlight mass spectrometry (UPLC-TOFMS) platform and recently reported the successful detection of urine biomarkers of c radiation in the mouse (4) . Among the elevated biomarkers identified in urine collected over the first 24 h after exposure to 3 and 8 Gy, thymidine (dT) exhibits the lowest estimates of variance and the highest estimates of exposure-dependent mean concentration differences. In this report, these findings are extended by identifying, in addition to dT, one additional pyrimidine nucleoside (29-deoxyuridine) and three purine biomarkers (29-deoxyxanthosine, xanthine and xanthosine) that are elevated in urine of the exposed mouse in the first 24 h after exposure to 0, 1, 2 or 3 Gy c radiation. Clear dose dependence and temporal characteristics of these candidate radiation biomarkers were established. These findings represent an important step in addressing priorities within the call for countermeasures against radiation and will help guide the development of rapid, non-invasive radiation biodosimetry in humans.
MATERIALS AND METHODS

Compounds
The following compounds were obtained from Sigma-Aldrich Co., St. Louis, MO: 29-deoxycytidine (dC), 29-deoxyuridine (dU), 4-nitrobenzoic acid, creatinine, debrisoquine hemisulfate, thymidine (dT), xanthine, and xanthosine (X). We received 29-deoxyxanthosine (dX) as a kind gift from Dr. Peter Dedon, Department of Biological Engineering, MIT. All inorganic reagents and solvents were of the highest purity obtainable.
Animals
Male C57BL/6-N mice at 8 and 12 weeks of age, obtained from Charles River Laboratories, Inc. (Frederick, MD), were used for this study. Mice were fed NIH-31 rodent chow (Zeigler, Gardners, PA) ad libitum with free access to fresh drinking water and were housed three to five per cage under a standard 12-h light, 12-h dark cycle. During urine collection, mice were housed individually in metabolic cages for up to 24 h at a time. After urine collection, mice were returned to their home cages together with up to four littermates. Mice were monitored daily for outward signs of distress or adverse health effects. All animal handling and experimental protocols were designed for maximum possible well-being, conformed to the guidelines stipulated by the NIH Office of Animal Care and Use, and were approved prior to the initiation of this study by the NIH Animal Care and Use Committee.
Radiation Exposure
Individual body weights were recorded, and mice were placed into sterile, dry RadDisk TM Rodent Microisolation Irradiator Disks (Braintree Scientific, Inc., Braintree, MA) exposed to single doses of 0 (sham), 1, 2, or 3 Gy (n 5 6 per dose) c radiation emitted from a 137 Cs source in a Mark I Model 68 small animal irradiator (J. L. Shepherd & Associates, San Fernando, CA) operating at 2.57 Gy/min as described previously (4) . Physical exposures within the irradiator chamber were assessed using models AT-742 (0-2 Gy) and AT-746 (0-6 Gy) direct reading dosimeters (Arrow-Tech, Inc., Rolla, ND) placed directly on the disks. Mice were placed individually into metabolic cages immediately after radiation exposure for urine collection.
Urine Collection
Urine samples from mice housed individually in Nalgene metabolic cages (Tecniplast USA, Inc., Exton, PA) were collected over continuous 24-h periods with alternating 24-h rest intervals as described previously (4) . Briefly, mice were housed in groups of up to five during 24-h rest periods and individually in metabolic cages during 24-h urine collection periods. Dose was assigned randomly, and treatment groups were mixed rather than segregated after exposure. Three 24-h urine samples per mouse were obtained at 6, 4 and 2 days before exposure. The mice were exposed and immediately placed into metabolic cages for urine collection over 24 h (day 1 after exposure). Subsequent 24-h samples were collected 3, 5, 7 and 9 days after exposure. In a subsequent experiment, mice were housed individually in metabolic cages before and for 20 h immediately after radiation exposure while urine was collected every 4 h (4, 8, 12, 16 and 20 h after exposure). The animals were placed back with their cage mates until housed again in metabolic cages for a 4-h urine collection at 36 h after exposure. A final 24-h urine collection was taken at day 4 after exposure. In both experiments, body weights were recorded immediately prior to placement in the metabolic cages, and urine sample volumes were recorded and used to calculate the rates of urine formation. All urine samples were stored at 280uC until analyzed.
UPLC-TOFMS Analyses
Urine samples were analyzed by UPLC-TOFMS in order by time and by mouse as described (4) with slight modifications. Urine aliquots (20 ml) were diluted 1:5 with deionized water (80 ml) and centrifuged at 13,000 g for 20 min at 4uC to remove particulates. For analysis of urine in electrospray negative-ionization (ESI2) mode, supernatants were transferred to auto-sampler vials containing 4-nitrobenzoic acid at a final concentration of 40 mM for internal standard (IS). For analysis by electrospray positive-ionization (ESIz) mode, 4-nitrobenzoic acid was replaced by 1 mM debrisoquine hemisulfate as IS. The samples (5 ml injection) were resolved on a reverse-phase 2.1 3 50-mm ACQUITY UPLCH BEH C18 1.7-mm column (Waters Corp, Milford, MA) using an ACQUITY UPLCH system (Waters) with a gradient mobile phase comprising 0.1% formic acid solution (A) and acetonitrile containing 0.1% formic acid solution (B). Each sample was resolved for 10 min at a flow rate of 0.5 ml/min. The gradient consisted of 100% A for 0.5 min, 80% A/ 20% B for 3.5 min, 5% A/95% B for 4 min, 100% B for 1 min, and finally 100% A for 1 min. The column eluent was introduced directly into the mass spectrometer by electrospray.
Time-of-flight mass spectrometry was performed on a Q-TOF PremierH (Waters) operating in either negative-ion or positive-ion electrospray ionization mode with a capillary voltage of 3 kV and a sampling cone voltage of 30 V. The desolvation gas flow was 720 liter/h and the temperature was set to 350uC. The cone gas flow was 50 liter/h, and the source temperature was 120uC. Quadrupole settings were 4.7 for LM resolution, 15 for HM resolution, 1.0 for ion energy, and 2.0 pre-filter. Collision cell settings were 0.4 ml/min, 5.0 collision energy, 2.0 cell entrance, and 215 cell exit. The TOF detector was set to 1650 with automatic mass range. Acquisition was made in V mode with extended dynamic range, scan time was 0.3 s, and inter-scan delay was 0.08 s. Accurate mass was maintained by the LockSprayH interface (Waters) with the introduction of sulfadimethoxine (310.0736 Da) in 50% aqueous acetonitrile (250 pg/ml) at a rate of 30 ml/min. The LockMass was measured as an average of five scans with a mass window of 0.5 Da, a scan time of 0.3 s at a frequency of every 10 s, sampling cone set to 60 V, and collision energy set to 5 V. Data were acquired in centroid mode from 50 to 850 Da in MS scanning. Tandem MS (MSMS) collision energy was ramped from 5 to 35 V.
Data Processing and Multivariate Data Analysis
Centroided and integrated mass spectrometric data from the UPLC-TOFMS were processed to generate a multivariate data matrix using MarkerLynxH software (Waters) (11, 12) . For each sample, relative concentration data for each urine ion (generated by MarkerLynx processing) were normalized by the corresponding relative creatinine concentration ( concentration was chosen as a means to adjust for individual differences in glomerular filtration rates (13, 14) . Normalized relative concentration data were Pareto-scaled (data set divided by the square root of its standard deviation) (15) and analyzed by principal components analysis (PCA) (16) and orthogonal projections to latent structures (OPLS) (17) using SIMCA-Pz software v12.0 (Umetrics, Kinnelon, NJ). PCA was used as an initial investigation for differences among the urine samples and to identify potential outlier samples. A PCA score in the component 2 compared to component 1 space that falls outside the Hotelling's T 2 ellipse [a generalization of Student's t test for multivariate data (18) ] may be considered for removal. However, we did not remove any outliers in this study because there were no obvious outliers. OPLS analyses were used to determine which metabolites contribute most to the separation in the scores space. Samples were classified as either from control (y 5 0) or irradiated (y 5 1) mice for supervised OPLS analyses.
Selection of Candidate Markers
First, candidates were selected by examining the OPLS component 1 loadings S-plots of ion confidence (a measure of model correlation expressed as p(corr) [1] P) as a function of ion contribution (a measure of covariance expressed as p[1]P). In loadings S-plots, the ions positioned most distant from the origin in the upper right and lower left quadrants were interrogated for consideration as candidate biomarkers. Ions that appeared to exhibit differential excretion according to exposure status were then compared as a function of dose using the appropriate statistical tests, which are described below. Data acquired from UPLC-TOFMS often include urine ions detected in only one or a few samples. These ions can appear spuriously as candidate biomarkers in OPLS loadings S-plots. Therefore, the t test and Mann-Whitney tests were used to validate the OPLS confidence values (p(corr)[1]P). Candidates that exhibited P values for dosedependent differences below 0.05 were pursued. Third, random forests analysis, described below, was used in an attempt to validate the OPLS-driven candidate selection.
Exact masses of candidates were checked against online databases, including Madison Metabolomics Consortium Database (20) and ChemSpider (21, 22) , for identity matches. The list was examined and curated to identify artifacts such as isotopes, in-source fragments, and sodium adducts of other candidates. Authentic standards at 20-60 mM in 0.1% formic acid were then used to confirm the identities of the markers with UPLC-TOFMSMS, which fragments molecules in a consistent manner. Therefore, correctly identified urine metabolites provide a TOFMSMS fragmentation spectrum identical to the fragmentation spectrum of the authentic standards. In addition to dT and N-hexanoylglycine, biomarkers of radiation exposure identified previously (4), a total of 21 ions were chosen based on Splot coordinates and lowest P values derived from both two-tailed t tests (parametric) of the mean normalized relative concentrations and Mann-Whitney U tests (nonparametric) of the normalized data (19) . In this report, we refer to ions that satisfied the statistical tests for exposure-dependent differences that we could unequivocally identify as urine biomarkers of radiation exposure. The ions that satisfied statistical tests for difference that could not be unequivocally identified are referred to as candidate urine biomarkers and are listed by their respective m/z and T ret .
Random Forests Data Analysis
To address concerns of over-fitting the data, a common concern with large datasets with comparatively few observations, we implemented the machine learning algorithm random forests (RF) (23) into the biomarker discovery effort. We chose the RF algorithm because it has been demonstrated to handle large data sets independent of data scale, to be less susceptible to over-fitting the data, and to provide convenient estimates of the most important variables in sample classification. Here, RF was used to compare sham and 1 Gy, sham and 2 Gy, sham and 3 Gy, or sham and all doses, and important variables were identified as those highly ranked on the variable importance list. RF was run in the R software environment using the following parameters: ntree 5 10000, importance 5 TRUE. The value for mtry, or the number of variables used at each split, was the default value (the square root of the total number of variables). The variable importance measure was used to assign RF rankings. Due to the inherent variability in random forests analysis, 25 independent random forests models were constructed and the variable importance ranks were averaged across all 25 models. Bootstrapping of the results from the 25 independent random forests was used to determine the 95% confidence intervals of the variable importance ranks. The common significant variables to all three doses defined by the variable importance list of the random forests algorithm were defined in a Venn diagram using the ABarray package (Applied Biosystems, Foster City, CA).
Quantification of Urine Biomarkers
Absolute urine creatinine concentrations were determined so that urinary biomarker levels could be normalized as an adjustment for differences in glomerular filtration. Briefly, urine samples were diluted 1:1000 in 10 mM ammonium formate buffer (pH 3.5) and separated on a Phenomenex Synergi Polar-RP column (Torrance, CA). Analysis was carried out using a high-performance LC system consisting of a PerkinElmer Series 200 quaternary pump, vacuum degasser and autosampler (PerkinElmer Life and Analytical Sciences, Boston, MA) with a 100-ml loop interfaced to an API2000 SCIEX triple-quadrupole tandem mass spectrometer (Applied Biosystems/MDS Sciex, Foster City, CA). The multiple reaction monitoring transitions were monitored in positive-ionization mode for creatinine [114.0R86.1 mass/charge (m/z)] and debrisoquine hemisulfate IS (176.1R134.2 m/z).
Urine radiation biomarkers were quantified by UPLC-TOFMS and QuanLynx software (Waters) using extracted ion chromatographic peak areas as described previously (4 166.0141) was included in each vial at a final concentration of 40 mM. The standard mixtures were used to calculate observed standard peak area:IS peak area ratios (dependent variable), which were plotted as a function of expected concentrations (independent variable). Linear regression with a forced y-intercept of zero was used to create standard curves with Prism (GraphPad Software, Inc., San Diego, CA). The slopes obtained by linear regression for each authentic standard (a std ) and the observed analyte peak area/IS peak area ratios (R analyte ) for each biomarker were used to calculate normalized biomarker concentrations ( 
Statistical Analyses
All observations were tested for normal distribution by the skewness and kurtosis test (19) . Data that were not normally distributed were compared by the Mann-Whitney U test when comparing exposed to unexposed groups. Means were calculated from normally distributed data and compared with appropriate parametric tests for difference as described below. Mean body weight, mean urine sample volume, and mean urine rate of formation plotted over time were stratified by dose and analyzed by linear regression to determine whether any changes were associated with radiation exposure and were therefore potential confounding factors. The regression lines of the means stratified by dose were compared. Variances were tested for equality using the F test (19) . At each time, mean urine sample volumes, mean body weights, and mean [B] were 44 tested for difference according to dose by a t test assuming equal or unequal variances (depending on F-test outcome) when comparing exposed to unexposed, or one-way analysis of variance (ANOVA) (a 5 0.05) with Bonferroni correction for multiple comparisons when comparing within exposed groups (19) . We reasoned that the comparison of mean [B] from exposed animals to control animals can be accomplished in pairs by a t test with an a of 0.05 without an increased risk of type I error [falsely rejecting the null hypothesis which states that the two means are equal (19) ] because of the multiple comparison nature of comparing each exposed group to the control group according to dose, and we determined that ANOVA with Bonferroni correction is unnecessarily stringent for these comparisons (24) . We did, however, use ANOVA with Bonferroni correction for comparing means of exposed mouse urines with each other. Corrected P , 0.05 was interpreted to indicate significant differences in the means compared. All statistical analyses were performed using STATA (Stata Corp LP, College Station, TX). Graphical presentations of mean [B] comparisons were prepared using Prism.
RESULTS
Animal Performance
No adverse health effects or changes in behavior were detected in any of the mice through 30 days after exposure. Measures of overall health (body weight and urine sample volume) were recorded and compared to identify potential health-related confounding. No differences in mean body weights, mean urine sample volumes, and mean rates of urine formation of the groups were fond at any time (data not shown). Furthermore, linear regression analyses revealed no significant changes in any of these variables (data not shown). Finally, we found no exposure-or timedependent differences in urine creatinine concentrations (data not shown).
Metabolomics of 24-h Mouse Urine Samples before and after Exposure to 0, 1, 2 or 3 Gy c Radiation Urine samples were collected over 24 h from 24 mice housed individually in metabolic cages 6, 4 and 2 days prior to irradiation with 0 (sham), 1, 2 or 3 Gy (n 5 6 mice per dose) and subsequently at days 1, 3, 5, 7 and 9 after exposure. Deconvolution of data collected from UPLC-TOFMS analysis of the urine samples yielded a large data matrix consisting of m/z, UPLC column retention time (T ret ), and peak areas for approximately 4000 ESI2 and 4000 ESIz urinary ions. These data were normalized by the respective peak areas of urinary creatinine to control for differences in glomerular filtration, urine concentration and sample collection. Unsupervised PCA analyses with either the ESI2 or ESIz data sets did not show appreciable exposuredependent differences in the scores space before or after exposure, nor were outliers detected (data not shown). Therefore, OPLS supervised multivariate data analysis and the machine learning algorithm random forests (below) were used to detect exposure-dependent differences in metabolite profiles. No meaningful differences in the OPLS scores space were observed before exposure, whereas exposure-dependent differences were apparent in the urine samples collected over the first 24 h at day 1 after exposure. Figure 1 shows the OPLS scores of the data from samples at this time for both ESI2 (panel A) and ESIz (panel B) data sets. Clear separation by exposure status (exposed and unexposed) was evident. Meaningful OPLS scores separation was not observed at subsequent times after exposure. Therefore, attention was focused on the differences in metabolite profiles observed in the first 24 h after exposure.
The observed separation in OPLS scores was used to identify the ions in the urine that correlated most with exposure status. Figure 1C and D shows plots of the urine ions as measure of correlation to the OPLS model (p(corr) [1] P, ordinate) as a function of the measure of relative abundance (p[1]P, abscissa) for ESI2 and ESIz TOFMS data, respectively. Figure 1E is an enlargement of the upper right quadrant of the plot in Fig. 1C . Ions that have higher relative abundance in the urine samples are plotted along the abscissa more distant from the origin. The ions that are different according to exposure status are plotted on the ordinate according to the correlation value (range 21 to 1), where larger distance from the origin correlates with a larger interclass difference. Together these two measures place higherabundance ions with larger class-dependent differences further away from the origin in both dimensions. The ions that are elevated in samples from irradiated mice are plotted in the upper right quadrants, and the radiation-attenuated ions are plotted in the lower left quadrants. While these measures alone are not reliable indicators of statistically significant differences in ion concentrations in urine of exposed and unexposed mice, they are useful for identifying candidates for further scrutiny. Numbered 1-15 and lettered a-h in these Splots are the ions we have identified as urine biomarkers of radiation exposure (numbers 1-6), candidate biomarkers (numbers 7-15), or isotopes, sodium adducts, or in-source fragments thereof (letters a-h). These ions were selected for chemical identification after inspection of the means and variance estimates. Authentic biomarkers that are elevated rather than attenuated in the irradiated urine samples were more reliably observed. Additionally, the ESI2 data set contained more reliable, authentic ions suitable for biomarker candidacy. The selected ions that could be unequivocally identified and their observed m/z, predicted m/z, ppm mass errors, UPLC column retention times, and empirical formulae are listed in Table 1 .
Random forests analysis yielded ion rankings that mostly agreed with the OPLS loadings S-plots coordinates of the ions highlighted in this report. However, there were a few notable exceptions. N-Hexanoylglycine (Table 1 , ion no. 5) and X ( (Table 2) , was also assigned a relatively high p(corr) [1] P value of 0.6631, but its mean importance rank by RF was only 101. This discrepancy demonstrates the utility of using more than one multivariate data analysis approach for identifying candidate biomarkers in Table 2 by their respective m/z-T ret pairs and ions g and h (%) determined to be isotopes of no. 2 and no. 15, respectively. Random Forests analyses were conducted with combined ESI2 and ESIz data comparing 0 and 1, 0 and 2, and 0 and 3 Gy. The Venn diagram (panel F), in which each pairwise comparison is represented by a circle, was constructed using the 150 most important ions found by Random Forests in this pooled data set. The numbers represent the ions that are unshared or shared among each of the three comparisons. There are 25 ions that are important to all three comparisons. Radiation biomarkers 1-4 and 6 and their associated in-source fragments and Na z adducts are among these 25 ions, as are candidate markers 7-14.
46
TYBURSKI ET AL.
UPLC-TOFMS data matrices. The Venn diagram (Fig. 1F ) was exceptionally useful for defining a subset of ions that was common and important to all three doses as well as for validating the results obtained with OPLS analyses. While conservative, this approach provided an unbiased selection of the most important ions for class discrimination, as opposed to only selecting ions from the OPLS loadings S-plots based on their distances from the origin. Fig. 2A) . The pairwise comparison of mean concentrations at day 1 after exposure is shown in Fig. 2B . In addition, we observed dose-dependent elevated concentrations of dU ( Fig. 2C and D) and dX ( Fig. 3A and B) . These ions correspond to no. 2 and no. 1 in Table 1 , respectively. Together these three ions represent the most dramatic metabolic response observed. Table 1 also lists an in-source fragment (no. d) and a sodium adduct (no. a) of dT, a Mz1 isotope (no. g) and a sodium adduct (no. b) of dU, and a possible in-source fragment (no. e) of dX.
Identification and Quantification of Mouse Urinary
Two other new elevated biomarkers and one new potentially attenuated biomarker of radiation exposure were observed in the first 24-h urine samples after exposure. Both xanthine (Fig. 3C and D) and X ( Fig. 3E and F) are elevated in the urine collected immediately after exposure. However, the elevations are modest; different dose groups are significantly different from 0 Gy and not from each other. Additionally, the variance estimates and baseline fluctuations of these two ions are higher compared with the ions shown in Fig. 2A-D and Fig. 3A and B. The only ion that has been identified as potentially attenuated after exposure thus far is dC. Based upon relative ion abundance, this ion is significantly attenuated in the first 24-h urine samples from mice irradiated with 2 and 3 Gy but not 1 Gy (Fig. 2E, F) .
Also listed in Table 1 is an ion that was identified as a urinary biomarker of radiation exposure in a previous report (4) , N-hexanoylglycine (no. 5). As can be seen from Table 1 and Fig. 1C , the relative abundance measure of this ion (p[1]P 5 0.24) is high in the loadings space and yet its correlation to the model (p(corr)[1]P 5 0.54) is lower than the ions we focus our attention on in this report. However, N-hexanoylglycine represents a ''biochemically interesting compound'' as opposed to one that is merely highly correlated to the OPLS model because of its consistent outlying position in the OPLS loadings S-plots (25) . Random forests analysis, however, which does not embody a concentration-dependent component, ranks this ion as 1146. It is thus not included in the 25 consistent biomarkers shown in the Venn diagram (Fig. 1F) , and we did not quantify Nhexanoylglycine for presentation in this study. One further biomarker is worthy of mention, and that is the anonymous ion no. 8 in Table 2 with [M-H] 2 5 417.1173 m/z and T ret 5 1.9 min. An earlier study reported a similar ion of m/z 5 417.1143 and T ret 5 1.82 min and tentatively assigned it as ''putative thymidine 59-b-D-glucuronide'' (4). Its abundance was too low to be studied by tandem mass spectrometry. A glucuronide of dT has hitherto never been reported.
Temporal Dynamics of Urinary Biomarkers during the First 96 h after Exposure to 1, 2 or 3 Gy Gamma Radiation
Having established that the core 0-24-h urinary biomarkers of 1-3 Gy c-radiation exposure in mice were dT, dU, 2-deoxyxanthosine, xanthine and X, a more detailed study of the time dependence of their urinary elimination was mounted. It must be borne in mind that the utility in the field of human biomarkers of c-radiation exposure will be related to their rate of appearance and disappearance in the sampled biofluid. Accordingly, the five core biomarkers were investigated further at 48 h before irradiation and at 4, 8, 12, 16, 20, 36 and 96 h postirradiation. Figure 4A shows the time course of urinary dT excretion postirradiation. At 1, 2 and 3 Gy, the maximum concentrations (mmol/mmol creatinine) were observed at 8 h. The parallel declines in urinary dT had a half-life of approximately 8 h. Consequently, values had returned to baseline by 36 h. At all three doses, the elevation in urinary dT above basal levels was statistically significant at 8 h (Fig. 4B) . Similarly, dU urinary excretion peaked at 8 h postirradiation (Fig. 4C ) for all three doses and also declined with a half-life of approximately 8 h to basal levels at 36 h. At all three doses, the elevation in urinary dU above basal levels was statistically significant at 8 h (Fig. 4D) .
The purine derivatives, dX, xanthine and X behaved differently. For example, dX displayed more of a parabolic rise, with broad peak values for 3 Gy between 8 and 16 h (Fig. 5A) . The 2-Gy dose peaked at 12 h and the 1-Gy dose exhibited a shallow rise between 4 and 20 h. Biomarker excretion returned to baseline values by 36 h. Figure 5B shows dose-specific mean concentrations of urinary dX at 12 h. At all three doses this biomarker was elevated statistically significantly above baseline values, and the 3-Gy value was significantly greater than the 1-Gy value, even by the stringent
URINARY DEAMINATED PURINES AND PYRIMIDINES AND c-RADIATION EXPOSURE IN MICE
Bonferroni correction for multiple comparisons. The purine base xanthine displayed variable baseline values over the 96 h of the investigation (Fig. 5C ). There were two apparent peaks in its urinary excretion, one at 8 h and the other at 20 h. This second peak appeared to coincide with the rapid decline in dX urinary excretion (Fig. 5A ) and may represent conversion of one to the other by hydrolytic removal of 29-deoxyribose. Despite the variable basal excretion profile, xanthine excretion was statistically significantly elevated above sham control values at all three doses of c radiation (Fig. 5D) . Moreover, xanthine is reliably elevated in urine from irradiated compared to control mice at day 1 after exposure in independent experiments. The purine nucleoside X displayed an early peak at 4-8 h in its elevated excretion above baseline, after which there was a decline in urinary excretion to basal levels at 16 h (Fig. 5E ). Only at 3 Gy was the peak excretion (8 h) significantly elevated above baseline, but it was also elevated above the 1-and 2-Gy excretion values (Fig. 5F ). As with xanthine, X is consistently elevated at day 1 after exposure in independent experiments, despite the wide baseline fluctuation and variance.
Thus two pyrimidine 29-deoxynucleosides (dT and dU), one purine 29-deoxynucleoside (dX), one purine nucleoside (X), and one purine base (xanthine) were statistically significantly elevated in urine after c irradiation. In general, these excretion profiles followed patterns that would be expected for rapid production after c irradiation and with a similar rate of decay.
Biochemical Interrelationship of the Biomarkers
From a mechanistic standpoint it is important to understand the origins of and interrelationships between the two elevated and the one potentially attenuated pyrimidine biomarker, together with the three elevated purine biomarkers. While dC was attenuated in urine from mice irradiated with 2 and 3 Gy compared to controls at day 1 after exposure, this observation was made with relative ion abundance data and must be regarded as preliminary. Do these purines and pyrimidines originate from DNA, from RNA or from both, or are they excreted as a result of the effect of c radiation on cellular pools of pyrimidines and purines? The pyrimidine biomarkers dT, dU and dC should be derived from DNA since they are all deoxynucleosides. Their origin may be better understood if we can determine why the excretion of dC goes down concomitantly with a rise in excretion of dU and dT. Figure 6 shows that dC is deaminated to dU by the enzymes cytidine deaminase (EC 3.5.4.5) and deoxycytidine deaminase (EC 3.5.4.14). Under normal conditions, mouse plasma has undetectable levels (,0.1 mM) of dC and mouse liver, kidney and lung have deoxycytidine deaminase activity (26) . Moreover, dU can be converted to dT via dUMP and its conversion to dTMP by thymidylate synthase (EC 2.1.1.45). Interestingly, hepatic activity of thymidylate synthase has been reported to increase significantly in mice that received whole-body c radiation at doses of 2-7 Gy (27) . Therefore, superficially at least, an elevated urinary Notes. T ret , retention time; OPLS, orthogonal projections to latent structures; p(1)P, contribution; p(corr)(1)P, correlation; MI, mean importance; CI, confidence interval.
a As shown in Fig. 1C and D. These are assignments of ion number, not ranks. Ions 1-6 are sorted in descending order of p(corr)(1)P, however. Ions a-h are unsorted.
b See Table 2 .
48 excretion of dT and dU, concurrent with an attenuated excretion of dC, might be consistent with an increased turnover of DNA and the interconversions of deoxynucleosides presented in Fig. 6 . Three different types of purine comprise the other observed biomarker group, a purine nucleoside (X), a purine base (xanthine), and a purine 29-deoxynucleoside (dX). Their potential biochemical relationships are shown in Fig. 7 . It is clear that X is derived from RNA but only via the adenosine (A) pool. Guanosine (G) is not converted to X. However, xanthine can arise either directly by the action of purine nucleosidase (EC 3.2.2.1) on X or from the action of this enzyme on G to give guanine, followed by its conversion to xanthine by guanine deaminase (EC 3.5.4.3). Thus xanthine may arise from the A or G pool. Although G may be converted to dG by a series of steps, dG is not reported to be converted enzymically to dX, nor has xanthine been reported to be converted to dX. An important question therefore arises as to the origin of dX in the urine of cirradiated mice.
The elevated purine and pyrimidine radiation biomarkers have a common thread, in that they are all deaminated nucleosides or their derivatives. It is tempting to invoke a role for deoxycytidine deaminase, guanine deaminase and AMP deaminase (EC 3.5.4.6 that converts AMP to IMP; Fig. 7) . However, none of these deaminases can explain the presence of dX in urine. The alternative explanation for the elevated excretion of hydroxylated purine and pyrimidine derivatives (and the decreased excretion of the aminopyrimidine dC) is the action of reactive oxygen species (ROS) and reactive nitrogen species (RNS). Both dU and dX have been reported to be formed from dC and dG in DNA in situ by so-called nitrosative deamination (28, 29) . These possibilities will be discussed in more detail. The effects on the mouse urinary metabolome of sublethal c irradiation were investigated. Five urinary biomarkers of radiation exposure, statistically significantly elevated between 1 and 3 Gy, were unequivocally identified by tandem mass spectrometry. These are all deaminated purine and pyrimidine derivatives: dT, dU, dX, xanthine and X. All are elevated above baseline in urine at the three doses studied, 1, 2 and 3 Gy. Furthermore, we observed reduced urinary excretion of the aminopyrimidine dC at 2 and 3 Gy. However, this ion was only partially quantified. All of the biomarkers displayed a time-dependent excretion, peaking in urine at 8-12 h but returning to baseline by 36 h. The enhanced excretion of another nine compounds in urine   FIG. 2 . Gamma-radiation exposure elicits dose-dependent increases in urinary excretion of dT and dU during the first 24 h after exposure and a decrease in urinary excretion of dC. Urine samples were collected prior to (P04, P02) and after (D01, D03, D05, D07, D09) exposure to 0 (&), 1 (e), 2 (,) or 3 Gy (#) Gy (n 5 6 per dose) and analyzed by UPLC-TOFMS. Thymidine (panels A and B) and dU (panels C and D), expressed as mean mmol/mmol creatinine and stratified by dose, are shown over time (panels A and C). 29-Deoxycytidine (panels E and F), expressed as relative ion current (normalized against creatinine), is shown over time (panel E). Mean normalized concentrations of dT (panel B), dU (panel D) and the relative concentration of dC (panel F) in urine from mice exposed to 1, 2 or 3 Gy were compared to the corresponding means of sham controls (0 Gy) at day 1 after exposure (D01) by a two-tailed t test with unequal variances and a 5 0.05. Comparisons of mean normalized concentrations of dT, dU and dC among the three groups of exposed mice were made by one-way ANOVA with Bonferroni correction and a 5 0.05. Error bars represent ± SEM, and * indicates P , 0.05.
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was also observed, based upon detection of their negative ions by UPLC-TOFMS, but the chemical identities of these metabolites remain to be elucidated.
This study involved the dimensions of both dose and time. With respect to time, it was first observed that differential excretion of the biomarkers according to exposure status occurred within the first 24 h after exposure, consistent with earlier findings (4). The response within the first 24 h was then characterized by collecting urine over 4-h periods up to 20 h. In both experiments, where 24-h and 4-h urine samples were collected, the irradiations were conducted in the late afternoon, at 5:00 p.m. ± 1 h. Late afternoon was chosen in the second experiment to maximize the chances of having 4-h urine samples from every mouse since the mice are active and produce more urine during the dark cycle. However, the possibility cannot be ruled out that diurnal variation in urine metabolite profiles confounds the observations (30, 31) . On the other hand, if there is confounding by diurnal variation, then it can be argued that it is probably minimal given that the maximum differences (exposed compared to control) FIG. 3 . Gamma-radiation exposure elicits dose-dependent increases in urinary excretion of three purinecontaining metabolites during the first 24 h after exposure. Urine samples were collected prior to (P04, P02) and after (D01, D03, D05, D07, D09) exposure to 0 (&), 1 (e), 2 (,) or 3 Gy (#) Gy (n 5 6 per dose). 29-Deoxyxanthosine (panels A and B), xanthine (panels C and D), and X (panels E and F) expressed as mean mmol/mmol creatinine stratified by dose are shown over time (panels A, C and E). Mean normalized concentrations of dX (panel B), xanthine (panel D) and X (panel F) in urine from mice exposed to 1, 2 or 3 Gy were compared to the corresponding mean normalized concentrations of the sham control group (0 Gy) at dayobserved for each dose within the 4-h samples are similar to those seen in the corresponding 24-h samples.
The loadings S-plots shown in Fig. 1C -E suggest that there are rich pools of both ESI2 and ESIz urine ions from which to select candidate biomarkers of radiation exposure. In fact, however, the loadings that correlate well with the model classification of exposure do not always present in urine in a manner that is useful for biodosimetry. An ideal biomarker is consistently elevated or attenuated in urine from all exposed individuals, and the individual variation is reasonably small. In a matrix of UPLC-TOFMS data, there are often a substantial number of ions detected in one or only a few samples but not in all of the samples of a given class or sample set. The variance estimates of the means of these types of ions are very large. The SIMCA software nevertheless calculates a correlation score for these ions without regard to the variance estimates of the means, and if they were elevated or attenuated in only one or two samples from exposed mice, they will nonetheless correlate reasonably well in an OPLS model in such a case. A test for exposure-specific differences in means will produce a null result because the variance estimates are relatively large. We focused our attention on ions that may be more useful for biodosimetry and less so for modeling by OPLS alone and eliminated those that were not significantly different from control concentrations. In fact, more of these ions that show promise for biodosimetry applications were found in the ESI2 data set than in the ESIz data set.
Our observations raise a number of important questions regarding the effect of c radiation on the mouse. First, the excretion of N-hexanoylglycine: We had reported in a previous study that this urinary biomarker was elevated at doses of both 3 and 8 Gy (4) . Multivariate data analysis using OPLS (Fig. 1C) shows that Nhexanoylglycine is by far the most abundant murine urinary biomarker of c radiation but that it is comparatively less well correlated to the OPLS model (p(corr)[1]P 5 0.54). Thus it is presumed that this biomarker, but no other metabolite of fatty acid metabolism, results from a perturbation of hexanoyl-CoA b-oxidation, resulting in its conjugation with glycine in an alternative pathway. This biomarker was not investigated further in the present study because it was significantly elevated only at doses of 3 Gy and above, and we focused here on the effects of doses of 3 Gy and below.
A dose-dependent elevated excretion of dT, dU, dX, X and xanthine was observed in the first 24 h postirradiation, together with a putative dose-related attenuated excretion of dC. It has already been noted (see Fig. 6 ) that the pattern of excretion of the three pyrimidine derivatives dT, dU and dC might be explained by deamination of dC to dU by cytidine deaminase and/or deoxycytidine deaminase, followed by ultimate synthesis of dT by thymidylate synthase, an enzyme reported to be induced in mouse liver by c radiation (27) . It would appear, therefore, that production of deaminated pyrimidines is due to c-radiation exposure. The same pattern holds true for the purine derivatives that were found to be elevated in urine. Metabolomic analysis did not reveal an enhanced urinary excretion of guanosine (G), deoxyguanosine (dG), adenosine (A) or deoxyadenosine (dA). All of these nucleosides are aminopurines. In contrast, dX, X and xanthine were all elevated in urine after c irradiation in a dose-and time-related manner (Figs. 3 and 5 ). These purines are all deaminated and their formation from G, A, dG or dA in response to c radiation is not readily explained by simple enzyme-mediated reactions (Fig. 7) . Thus an alternative explanation must be sought. It was reported that c irradiation of mice results in a statistically significant two-to threefold increase in serum nitrate concentration 2.5-3.0 h postirradiation that returns to baseline after 12 h (32). This nitrate increase is consistent with the effect in mice of sublethal c-radiation exposure on nitric oxide (NO) synthesis in the liver, intestine, lung, kidney, brain, spleen and heart (33), on increased hepatic nitrite concentration and peroxidative damage (34) , and on attenuated hepatic glutathione concentration (34, 35) . There is abundant evidence therefore that c irradiation of mice increases hepatic NO synthesis.
One important property of cellular NO is that it may autooxidize to form nitrous anhydride (N 2 O 3 ), which then can participate in so-called nitrosative deamination of both purines and pyrimidines in DNA in situ (29) . Dedon and his colleagues have reported that dC can undergo such nitrosative deamination to dU, dA to 29-deoxyinosine (dI) and dG to dX and 29-deoxyoxanosine (dO) (28, 29 Table 2 ), all other observations regarding the urinary excretion of elevated concentrations of deaminated pyrimidines and purines are consistent with the hypothesis that sublethal c irradiation of mice leads to in vivo nitrosative deamination by N 2 O 3 of DNA bases in situ. Clearly, further investigations with agents that can ameliorate NO are warranted. Such a strategy may provide new avenues for the development of radioprotective drugs.
A relationship between ionizing radiation and the urinary excretion of dT in rats was reported in the Russian literature over 40 years ago (36, 37) and subsequently between ionizing radiation and dU and the pyrimidine metabolite b-aminoisobutyric acid (38, 39) . The elevated excretion of dT in rats after subcutaneous injection of 90 Sr was somewhat modest (38-64%) and did not appear until the 5th to 9th day after injection (36) . This is clearly different from the present findings. In addition, an increased excretion of b-aminoisobutyric acid was not observed. However, in the historical Russian literature, it was reported that whole-body X irradiation with 6.5 Gy produced a transient eightfold increase in urinary dT excretion at day 1 in rats (37) , which is remarkably similar to the sevenfold increase in urinary dT reported herein after 3 Gy c irradiation and in a previous study (4) in the mouse. Thus dT and dU may be biomarkers of ionizing radiation exposure not only in mouse and rat but also in humans. This hypothesis awaits rigorous testing.
The classical urinary biomarkers of repaired oxidative DNA damage are 8-hydroxy-29-deoxyguanosine (8-OHdG) (40) together with thymine glycol and thymidine glycol (41) . No evidence of elevated 8-OH-dG Table 2 ). However, thymidine glycol (C 10 H 14 N 2 O 7 ; [M-H] 2 5 273.0723) may possibly correspond to unidentified ion no. 11 (Table 2 ). These findings suggest that 1-3 Gy of c radiation does not simply cause oxidation of dG by ROS, leading to increased urinary excretion of 8-OH-dG, and further helps substantiate the hypothesis that the effects of these doses of ionizing radiation on the mouse occur through a specific mechanism, such as nitrosative deamination of dC and dG. Further investigations are required to provide a more detailed mechanism of DNA damage from exposure to sublethal ionizing radiation.
In this report attention is focused mainly on urinary anions that were elevated in irradiated mice. In fact, the loadings scatter plots (both ESI2 and ESIz) were interrogated to determine whether any attenuated species reliably indicated radiation exposure. However, little emphasis is placed on this pool of ions for two reasons. First, eventual human biomarkers of radiation exposure are more useful if they exhibit up-regulation in association with exposure. Given that initial positive results with urine biodosimetry were validated with follow-up methodologies, it can be argued that false negatives in radiation exposure assessment are more detrimental to the objective of biodosimetry than are false positives. Second, a lower success in observing meaningful, consistent and verifiable attenuated biomarkers of radiation exposure has been attained, despite what the loadings scatter plots suggest, dC being a notable exception.
The need for noninvasive high-throughput radiation biodosimetry tools is ever more pressing and prescient. A recent report from a U.S. Congressional Commission (December 2, 2008) states in the first paragraph of its executive summary, ''The Commission believes that unless the world community acts decisively and with great urgency, it is more likely than not that a weapon of mass destruction will be used in a terrorist attack somewhere in the world by the end of 2013'' (42) . Even if preparedness for a nuclear or radiological terrorist attack are high, the tools available for the mass screening of at-risk individuals for radiation exposure are pitifully few. Metabolomics offers a means of screening large populations in relatively short periods, providing that (1) a robust radiation metabolomic signature with unambiguous dose-response URINARY DEAMINATED PURINES AND PYRIMIDINES AND c-RADIATION EXPOSURE IN MICE characteristics can be developed, and (2) a portable device suitable for use in the field by first responders can be designed, built, tested and validated. These are ambitious aims but ones that must be pursued aggressively. This report represents a second step in the characterization of a radiation metabolomic signature, with emphasis on both the dose response and the time course of the response. In addition, some novel insights into the mechanisms of radiation effects at sublethal doses are beginning to emerge. These studies may also ultimately have a bearing on the development of new strategies for prophylaxis and treatment of radiation sickness.
